Experimental myocardial ischemia produced in dogs by proximal left anterior descending coronary artery (LAD) ligation results in a small but measurable decrease in total phospholipid content in the subendocardium of the ischemic region. After 3 hours of fixed occlusion, there is a 10% decrease in total phospholipid content. Silica gel chromatography reveals this decrease to be reflected predominantly by decreases in phosphatidyl choline (PC) and phosphatidyl ethanolamine (PE). If technetium 99m stannous pyrophosphate (Tc-99m-PPi) is injected intravenously after various intervals of LAD occlusion and 10 minutes prior to Vh hours of reflow, there is a close temporal and topographical correlation between the extent of PE depletion and Tc-99m-PPi uptake. To measure the effects of phospholipid degradation on cardiac sarcolemmal membranes, an enriched sarcolemmal preparation was treated with an exogenous phospholipase (0.01 mg/ml). Phospholipid degradation, even without depleting total phospholipid content, resulted in more than a 50% increase in net Ca 2+ efflux from vesicles preloaded by Na + :Ca 2+ exchange. In addition, sarcolemmal vesicles isolated from ischemic myocardium after 3 hours of LAD occlusion have an increased Ca 2+ permeability and phosphatidyl choline depletion compared to vesicles obtained from the corresponding nonischemic myocardium. These studies suggest that an alteration in phospholipid metabolism is related closely to the development of irreversible damage in ischemic canine myocardium. The biochemical mechanism responsible for this relationship may be the degradation of sarcolemmal membrane phospholipids and the associated increase in sarcolemmal Ca 2+ permeability.
RECENT studies have suggested that sarcolemmal membrane alterations, particularly the ability to regulate the levels of intracellular Ca 2+ and other ions, can contribute to the production of irreversible damage during myocardial ischemia (Herdson et al., 1963; Shen and Jennings, 1972; Burton et al., 1977; Willerson et al., 1977a) . One of the prominent features of irreversibly injured myocardium is the marked in vivo accumulation of calcium which may be associated with evidence of ultrastructural sarcolemmal defects on electron microscopy (Herdson et al., 1963; Shen and Jennings, 1972) .
While the basis of these membrane changes in ischemic myocardium is unknown, several studies in an ischemic liver model have suggested that a disturbance in phospholipid metabolism may be one of the critical alterations that produces irre-versible injury during ischemia Chien et al., , 1978 . In ischemic liver, a close correlation was found between the development of irreversible injury and the accelerated degradation of microsomal membrane phospholipids (Chien et al., 1978) . This phospholipid loss was associated with marked decreases in several membrane marker enzymes, marked increases in tissue Ca 2+ content in vivo, and the development of a 25to 50-fold increase in microsomal membrane permeability to Ca 2+ . In vivo pretreatment with chlorpromazine, a potent inhibitor of phospholipases (Chien et al., 1980) , decreased the extent of cellular injury, reduced the phospholipid depletion, and prevented the associated Ca 2+ permeability defect.
These observations on ischemic liver also may have some relevance to ischemic myocardium. Sobel et al. (1978) recently have shown that lysophosphoglycerides (hydrolysis products of phospholipid degradation) accumulate in ischemic myocardium, and their accumulation is associated with the development of ventricular arrhythmias. Accelerated degradation of phospholipids has been shown to occur in ischemic rat myocardium; the accelerated phospholipid degradation can be prevented by pre-712 CIRCULATION RESEARCH VOL. 48, No. 5, MAY 1981 treatment with chlorpromazine (Chien et al., 1979) . Treatment with chlorpromazine also has protected against cellular ischemic injury in isolated perfused rabbit heart septae after IV2 hours of experimental myocardial ischemia (Burton et al., 1980) . The purpose of our current study was to evaluate the temporal relationship between phospholipid alterations and technetium 99m stannous pyrophosphate (Tc-99m-PPi) uptake during experimental canine ischemia. Marked accumulation of Tc-99m-PPi is characteristic of irreversibly injured myocardium (Willerson et al., 1975; Buja et al., 1977) . In clinical and experimental studies, Tc-99m-PPi scintigrams are a sensitive means to detect acute myocardial infarcts and they allow an estimation of the extent of cellular damage (Bonte et al., 1974; Willerson et al., 1977b; Poliner et al., 1979; Rude et al., 1980) . Since recent studies suggest that the basis of Tc-99m-PPi accumulation is related at least in part to increase levels of intracellular Ca 2+ , the potential role of sarcolemmal phospholipid composition in the maintenance of normal and abnormal Ca 2+ permeability also was examined.
Methods
Mongrel dogs of either sex were used in these studies. The dogs were anesthetized with pentobarbital sodium (30 mg/kg, iv), intubated and ventilated with oxygen on a Harvard respirator (Harvard Apparatus Co.). A left thoracotomy was performed, the pericardium opened, and the proximal left anterior descending artery (LAD) isolated. The proximal LAD and several branch vessels of the midlevel and lower portion of the LAD were ligated so as to create an anterior left ventricle region with intense cyanosis for various intervals (Karlsson et al., 1973; Roan et al., 1979) . In some animals, Tc-99m-PPi was injected 10 minutes prior to the removal of the ligature, and \ x h hours of reflow to the ischemic tissue were allowed.
Chemical Analyses
For phospholipid and Tc-99m-PPi analyses, 200to 300-mg tissue samples from the subendocardium and subepicardium from control and ischemic tissue (tissue removed from the zone of intense cyanosis immediately below the area of LAD ligation) (Karlsson et al., 1973; Roan et al., 1979) were frozen rapidly in liquid N 2 and counted immediately for 20 seconds in a counter. Samples then were kept frozen for 3 or more days to allow radioactivity to decay. The samples then were homogenized in 10 volumes of 10 DIM histidine-imidazole, 0.1 M KCL pH 7.4 buffer in a motorized, ground-glass Dounce homogenizer. The homogenate was diluted with buffer to make a 50-volume dilution, and 500-/J aliquots were extracted for total phospholipid analysis by the method of Bligh and Dyer (1959) . Lipid extracts were concentrated under N 2 at 60 °C and total phos-pholipid content was measured as previously described (Chien et al., 1978) ; lipid-PO 4 was measured by the method of Rouser et al. (1966) . Assays routinely were performed in triplicate. For isolation of individual phospholipid species, 2.4 ml of the 50fold homogenate were extracted, concentrated under N 2 at 60°C, and the dried lipid resuspended in 200 fi\ of chloroform: methanol (1:1). Twenty-five fd were analyzed for total phosphate content in order to calculate the percent of recovery during fractionation procedures, and 100 /ul were streaked on silica gel HR, 0.25 DIM precoated plates (AN-ALTECH) and chromatographed in a solvent mixture of chloroform: methanol: acetic acid: water (65:25:2:4). The lipids were visualized in I 2 vapor, scraped and used directly for PO 4 determination without prior elution.
Membrane Fractionation and Permeability Studies
For studies of the effects of phospholipases on Ca 2+ movements in isolated membrane vesicles, membrane preparations highly enriched in sarcolemma were obtained from canine ventricular tissue by the method of Reeves and Sutko (1980) . The yield of vesicles obtained by this procedure was too low to be applied to the 3-5 g of tissue obtained from control and ischemic myocardium, so for these studies, a simpler procedure was adopted (Reeves and Sutko, 1979) . Membranes were resuspended in 50 /il of 160 miu NaCl/20 HIM 3-(Nmorpholino)propanolsulfonic acid (MOPS) adjusted to pH 7.4 with Tris and frozen in liquid N 2 until use. Vesicles were loaded internally with 45 CaCl 2 via the Na + -Ca 2+ exchange system by incubating 0.5-/xl aliquots of Na + -loaded vesicles with 40 /iM 45 CaCl 2 (0.6-0.8 Ci/mmol) and 15 fil of 160 mM KCL MOPS-Tris buffer at pH 7.4 at 37°C. To measure superficially bound Ca 2+ , 0.5-/J aliquots were incubated with 15 jul of 160 mM NaCl MOPS-Tris buffer and 40 / XM 45 CaCl 2 . Ca 2+ uptake was terminated by the addition of 5 ml of ice cold 200 mM KC1/0.1 mM EGTA; the vesicles were harvested on glass fiber niters (Whatman GF/A), washed twice with the KC1/EGTA buffer and assayed for radioactivity in a scintillation spectrophotometer.
In Ca 2+ efflux experiments, after 1 minute of Ca 2+ uptake, efflux was initiated with 1 ml of 0.1 mM EGTA, 160 mM KC1, 20 mM MOPS-Tris, pH 7.4 buffer, and vesicles were harvested at various intervals as previously described (Reeves and Sutko, 1979) .
In experiments measuring the effects of exogenous phospholipases on Ca 2+ efflux, various concentrations of heat-treated phospholipases A and C (Sigma Chemical Co.) were added to the incubate after 1 minute of Ca 2+ uptake. To measure membrane phospholipid content, 20 /A of the membrane fraction was extracted and chromatographed as de-PHOSPHOLIPID ALTERATIONS AND Ca 2+ PERMEABILITY/C/we/i et al. 713 scribed previously. Protein was determined by the method of Lowry et al. (1951) . Statistical analysis of the data was done by paired Student's t-test.
Results

Phospholipid and Tc-99m-PPi Analyses
As shown in Table 1 , proximal LAD ligation results in a small but measurable decrease in total phospholipids in the subendocardial portion of the LV ischemic region in this model. After 1 hour of proximal LAD ligation, there is a 3% decrease which progresses to 10% by 3 hours. This decrease is reflected predominantly in decrease in phosphatidyl choline (PC) at 1 hour and PC and phosphatidyl ethanolamine (PE) at 3 hours, while relatively minor changes occur in cardiolipin. Percent recovery during fractionation procedures was 97.0 and 98.2% for phospholipids from control and ischemic tissues, respectively. These decreases are not merely a function of tissue edema since, if that were the case, all of the phospholipid species would be expected to be decreased uniformly rather than showing a preference for PC and PE. These directional changes also are found when the data are normalized to either gdry weight or per mg protein basis. Furthermore, decreases in the individual species quantitatively account for 80-90% of the total phospholipid depletion. The decrease in PC and PE reported here are similar to those previously reported by Weglicki et al. (1972) and do not exclude possible decreases in other phospholipid species which represent small percentages of the total phospholipid content. Under our assay conditions and extraction procedures, we were unable to detect an accumulation of lysophospholipids, but this may be related in part to the loss of these compounds by residual flow through the ischemic tissue, further deacylation to free fatty acids and glycerophosphoryl choline by lysophospholipases, and/or to the presence of small amounts of these hydrolysis products. Recovery of lysophospholipids added as internal standards was in excess of 80-85% by the method of Bligh and Dyer (1959) and was similar to those reported by Bremer for this method (Bjerve et al., 1974) . Figure 1 shows that these alterations in phospholipid metabolism are also evident after 1V& hours of reflow. To obviate problems with changes in tissue water and protein content during reflow, phospholipid alterations are reported as the percent change in phosphatidyl choline, phosphatidyl ethanolamine, and cardiolipin content in ischemic as compared to control tissues. The individual phospholipid species content is expressed as a percent of the total phospholipid content. Those species that are depleted during ischemia should therefore decrease as a percent of the total phospholipid, whereas those unaffected should increase. One-half hour of proximal LAD ligation, considered to be a reversible period of ischemia, produces little change in cardiolipin, PC, or PE. However, increasing the duration of proximal LAD ligation to 1 hour results in a relative decrease in PE of 10.6%, which progresses to 16% at 3 hours. Cardiolipin, previously shown to be relatively unaffected compared to PC and PE, progressively increases and reaches 30% by 3 hours. PC shows only a minimal change between 1 and 3 hours of ischemia as a percent of the total phospho- Phosphatidyl ethanolamine 5.9 6.0 (+1.6) 5.4 5.3 (-1.9) 6.0 6.0 (0) 5.5 5.4 (-1.8) 5.8 5.7 (-1.8) -0.8% ± 0.7 7.2 6.3 (-12.5) 8.2 6.1 (-25.6) 7.9 7.4 (-6.4) 8.1 6.2 (-23.5) -11.6% ± 0.9* Phosphatidyl choline 9.5 9.1 (-4.2) 10.3 9.4 (-8.7) 10.7 10.5 (-1.8) 10.5 9.8 (-6.6) 8. lipids, probably because of the influx of serum phospholipids and red cells into the ischemic area during reflow, which thereby minimizes the amount of myocardial membrane PC depletion. Since red cells do not contain cardiolipin, the increase in cardiolipin in the ischemic area cannot be a function of the deposition of serum phospholipids in the ischemic area.
To examine the relationship between Tc-99m-PPi uptake and these phospholipid alterations, Tc-99m-PPi was injected after 30 minutes, 1 and 3 hours of proximal LAD ligation, and 10 minutes prior to allowing \ x h hours of reflow. Portions of ischemic and nonischemic LV subendocardium and subepicardium subsequently were frozen in liquid N 2 and counted for 20 seconds to measure Tc-99m-PPi accumulation. The accumulation of Tc-99m-PPi in infarcted myocardium has been shown to be dependent on: (1) the degree of irreversible injury and the associated levels of increased intracellular Ca 2+ and (2) the delivery of the agent to the is-chemic area (Buja et al., 1976 Parkey et al., 1980; Willerson et al., 1980) . Following permanent LAD occlusion in this model, Tc-99m-PPi is not concentrated in the infarcted area until 12-24 hours later when collateral flow has increased to an extent that allows delivery of the agent to the ischemic area (Buja et al., 1976 Parkey et al., 1980; Willerson et al., 1980) . After 1 hour of fixed LAD occlusion, there is little accumulation in the ischemic tissue compared to control tissue. However, if reflow is provided, Tc-99m-PPi can concentrate in ischemic myocardium as early as 1-3 hours and during the transition from reversible to irreversible injury . As shown in Figure 2 , the time course of accumulation of Tc-99m-PPi closely parallels the time course of the phospholipid alterations in the ischemic subendocardium. To eliminate the possibility of sample variation, the samples to measure Tc-99m-PPi accumulation were the same samples that were used for the lipid evaluations ( Fig. 1) . Figure  3 illustrates the temporal correlation of Tc-99m-PPi uptake with PE depletion. After one-half hour of LAD occlusion, there is little Tc-99m-PPi accumulation. However, after 1 hour, there is a 25-fold increase in Tc-99m-PPi, and the increase is more than 30-fold by 3 hours of proximal LAD occlusion.
The temporal correlation between Tc-99m-PPi uptake and PE depletion is accompanied by a topographical correlation as well. There is a well-documented transmural gradient of increasing cellular injury from subepicardium to subendocardium in both canine and human myocardial infarction (Buja et al., 1976; Reimer and Jennings, 1979 the subepicardium to be reversibly injured (Reimer and Jennings, 1979) . As shown in Table 2 , after 1 hour of ischemia, this gradient of injury correlates with the extent of Tc-99m-PPi uptake and PE depletion. Within the ischemic portion of the left ventricle, there is a 5-fold increase in the extent of PE depletion and a 6-fold increase in Tc-99m-PPi uptake in the subendocardium as compared to the subepicardium.
Sarcolemmal Ca 2+ Permeability. The close correlation between Tc-99m-PPi uptake and phospholipid depletion prompted further studies to examine the possible biochemical mechanisms associated with this relationship. As mentioned previously, Tc-99m-PPi concentration in infarcted areas is related at least in part to the marked increases in intracellular Ca 2+ that accompany irreversible ischemic injury Willerson et al., 1980) . At the same time, previous studies on an ischemic liver model have demonstrated that a decrease in microsomal membrane phospholipids results in a 25-to 50-fold increase in membrane Ca 2+ permeability (Chien et al., 1978) .
The results of these studies suggest that one of the mechanisms for Tc-99m-PPi concentration in ischemic myocardium might be an increase in sarcolemmal Ca 2+ permeability secondary to degradation of membrane phospholipids. If such were the case, then the small decrease in total phospholipids recorded in this study (3-10%) should be associated with increasing sarcolemmal membrane permeability in the experimental model we have studied.
This possibility was examined by measuring the effects of exogenous phospholipases and lysolecithin, a product of membrane phospholipid degradation, on sarcolemmal vesicle Ca 2+ permeability in vitro. Sarcolemmal vesicles isolated from canine myocardium by the method of Reeves and Sutko (1980) were found to be purified 40-fold over crude homogenate with respect to Na + -K + ATPase activity. The vesicles were loaded internally with 45 Ca 2+ by employing the recently characterized Na + -Ca 2+ exchange activity (Reeves and Sutko, 1979) . After passive loading with Na + , the vesicles then were placed in a Na + -free buffer which contained 4S Ca 2+ . As Na + exits from the vesicles, 45 Ca 2+ is taken up internally in at least a 1:3 (Ca 2+ :Na + ) exchange stoichiometry (Reeves and Sutko, 1980) . Under these assay conditions, only the sarcolemmal vesicles are capable of being loaded internally with 45 Ca 2+ . In addition, superficially bound Ca 2+ was measured by incubating the Na + -loaded vesicles with 45 Ca 2+ but without an appropriate Na + gradient, thus ensuring that the 45 Ca 2+ counts were coming from internal Ca 2+ . As shown in Figure 4 , equilibrium is reached after 1 minute of exchange, and the Ca 2+ effluxes slowly from the membrane vesicles with a half life of 9 minutes. This rate of efflux is similar to the rate measured when efflux is induced by diluting the loaded vesicles 67-fold in a Ca 2+ -free buffer. The addition of phospholipase A2 (0.01 mg/ml) from Najanaja venom results in a marked increase in Ca 2+ efflux with more than a 50% loss in 1 minute. Similarly, incubation with a phospholipase C (0.01 mg/ml) from Clostridia Welchii also results in a marked increase in Ca 2+ permeability. Figure 5 shows that these effects of the phospholipases are not nonspecific but rather are concentration dependent and saturable. In addition, the amount of phospholipid degradation that is produced by these lipases is not unlike that reported during in vivo experimental myocardial ischemia. After 5 minutes of phospholipase C incubation, there is less than a 10% decrease in total phospho- lipids, whereas with phospholipase A, there is an 8% decrease in PC and a corresponding increase in lyso-PC (LPC) ( Table 3) , a catabolite with detergent properties reported to be increased in ischemic myocardium (Sobel et al., 1978) . A series of experiments was designed to examine the potential effects of LPC on sarcolemmal Ca 2+ permeability. Although the addition of 0.5% fat-free albumin to the loaded vesicles does not protect against the phospholipase A effect, the sarcolemmal Ca 2+ permeability does appear to be very sensitive to small amounts of LPC (Fig. 6) . However, at a concentration 4-fold greater than that found in the phospholipase A-treated vesicles, only a small effect on Ca 2+ permeability was noted. Thus, it is unlikely that the increase in LPC in phospholipase A-treated vesicles can account totally for the observed increase in Ca 2+ permeability.
The above experiments demonstrate that the in vitro degradation of sarcolemmal membrane phos- pholipids to an extent similar to that found during experimental myocardial ischemia in vivo can produce a marked increase in Ca 2+ permeability. However, they do not indicate that such a relationship actually occurs in vivo during myocardial ischemia.
To explore this possibility, membrane vesicles were isolated from control and the cyanotic regions (ischemic region) that developed following proximal LAD occlusion as described in the Methods section. Electron microscopy revealed that over 95% of the control and ischemic membranes were present in vesicular form with little or no mitochondrial contamination (Fig. 7) . The Na + -Ca 2+ exchange activity, under the assay conditions employed, is found only in the sarcolemma, thereby providing a means of specifically loading this population of membrane vesicles. Thus, under these assay conditions, one can measure specifically the passive Ca 2+ permeability of sarcolemmal vesicles irrespective of the absolute purity of the sarcolemmal preparations themselves. After 1 minute of loading, the vesicles were diluted 67-fold in a Ca 2+ -free buffer, and the vesicles harvested at 1-minute intervals, thereafter. Nonspecific Ca 2+ loading and binding were measured as described previously in the Methods section. In addition, ahquots of the membranes were thus indicating that the assay is indeed measuring the passive Ca 2+ permeability. The rate of Ca 2+ efflux is markedly greater in the sarcolemmal vesicles isolated from ischemic myocardium. As shown in Table 4 , after 3 hours there is an average 66% increase in the rate of sarcolemmal calcium efflux in ischemic vs. control membrane fractions. At the same time, these membranes demonstrated an average decrease of 16% in PC content like that previously found in the whole tissue (Table 1) . Shorter durations of ischemia (sham, 0.5, 1.0 hour; n = 6) result in little evidence of either membrane PC depletion or a Ca 2+ permeability defect. It should be noted that, in some experiments, a marked decrease in PC content was found without a marked increase in the rate of Ca 2+ efflux. This apparent dissociation is probably the result of the inability of the most "leaky" sarcolemmal vesicles to be loaded internally with 45 Ca 2+ by Na + -Ca 2+ exchange, thereby eliminating their contribution to the overall recorded rate of Ca 2+ efflux. The net result would be a lowering of the recorded rate of Ca 2+ efflux. This interpretation is supported by the finding that preincubation of control sarcolemmal vesicles with either phospholipase A or C to induce a similar level of PC depletion results in less than a 5% uptake of 45 Ca 2+ by Na + -Ca 2+ exchange by these vesicles. In summary, an in vivo Ca 2+ permeability defect also can be demonstrated in tissue obtained from the ischemic region of this experimental model. The tissue demonstrating Ca 2+ permeability defects also has decreased PC content (Table 1) .
Discussion
Although the limitation of infarct size has become an area of intensive clinical research, the ultimate biochemical mechanisms responsible for the development of irreversible damage in ischemic myocardium still are unknown. The identification of these factors might lead to the design of more specific pharmacological agents capable of protecting ischemic myocardium. To distinguish between those biochemical changes that are causally related to the death of the ischemic cell and those which are merely associated with it, it becomes necessary to establish certain criteria which must be fulfilled.
The present study suggests that an alteration in phospholipid metabolism may be a critical event in the course of developing cellular injury occurring with proximal LAD occlusion in this canine model. There is a close temporal and topographic correlation in the LV ischemic region between the depletion of membrane phospholipids and the accumulation of Tc-99m-PPi, a clinically accepted diagnostic parameter allowing scintigraphic recognition of acute myocardial infarcts (Willerson et al., 1975; Poliner et al., 1979; Rude et al., 1980) . One half hour of ischemia, previously shown by several investigators to produce largely reversible cellular injury, results in little change in phospholipid composition and minimal Tc-99m-PPi uptake as compared to that occurring in control non-ischemic myocardium. Increasing the duration of ischemia to 1 and 3 hours results in a greater than 10-fold increase in Tc-99m-PPi concentration with a corresponding depletion of PE and increase in cardiolipin as a percent of the total phospholipid composition.
Previous studies from an ischemic liver model have suggested that one of the possible effects of this degradation of membrane phospholipids might be a breakdown in the membrane Ca 2+ permeability barrier. Of particular concern would be an increase in the sarcolemmal Ca 2+ permeability, since this membrane normally protects the myocardial cell from the steep Ca 2+ gradient that exists between the extracellular and intracellular spaces. One of the prominent features of irreversibly injured myocardium is the marked accumulation of Ca 2+ which may be associated with evidence of ultrastructural sarcolemmal defects on electron microscopy. In the present study, treatment of purified sarcolemmal vesicles with exogenous phospholipases to induce a pattern and extent of phospholipid degradation comparable to that found in vivo during experimental myocardial ischemia, results in a marked increase in membrane Ca 2+ permeability. In addition, sarcolemmal vesicles from ischemic myocardium display an increased rate of Ca 2+ efflux along with a decrease in PC content.
The mechanism of the phospholipid degradation during experimental canine myocardial ischemia is not clear at present. Efforts to recover the hydrolysis products are hampered by their water solubility, their binding to serum albumin, and the loss of these metabolites due to residual coronary blood flow. Thus, it is possible that the aforementioned Ca 2+ permeability defects are not only the result of phospholipid depletion but also partially the result of the temporary accumulation of the corresponding lysophosphoglycerides. The latter idea is supported by the recent work of Corr et al. and Sobel et al., who have found rrullimolar levels of these metabolites in ischemic rabbit hearts and marked electrophysiological abnormalities by perfusing comparable concentrations in isolated Purkinje fibers (Sobel et al., 1978; Corr et al., 1979) . In addition, in this study, the sarcolemmal Ca 2+ permeability appeared to be very sensitive to millimolar levels of lysolecithin.
In summary, membrane phospholipid alterations appear to be related temporally to the development of irreversible damage in ischemic canine myocardium. The present study demonstrates that there is a close temporal and topographical correlation between phospholipid depletion, the accumulation of Tc-99m-PPi, and the development of a sarcolemmal Ca 2+ permeability defect. Whereas the biochemical relationships between these events may be complex, the simplest interpretation of the data is that the phospholipid depletion during ischemia creates a Ca 2+ permeability defect which results in increases in intracellular Ca 2+ and the subsequent accumulation of Tc-99m-PPi. Further studies are warranted to explore the role of phospholipid degradation in the evolution of cellular damage occurring with acute myocardial infarction.
